FeS cores are only possible for the ϩ1 value of C 22 .
The reference radius for Europa is R ϭ 1560 km. 9. The first encounter with Europa on 19 December 1996 occurred at 06:52:57.7 UTC (spacecraft time) at an altitude of 692 km (above the reference sphere), a lati- On 19 December 1996 as Galileo passed close to Jupiter's moon, Europa, the magnetometer measured substantial departures from the slowly varying background field of Jupiter's magnetosphere. Currents coupling Europa to Jupiter's magnetospheric plasma could produce perturbations of the observed size. However, the trend of the field perturbations is here modeled as the signature of a Europa-centered dipole moment whose maximum surface magnitude is ϳ240 nanotesla, giving a rough upper limit to the internal field. The dipole orientation is oblique to Europa's spin axis. This orientation may not be probable for a field generated by a core dynamo, but higher order multipoles may be important as they are at Uranus and Neptune. Although the data can be modeled as contributions of an internal field of Europa, they do not confirm its existence. The dipole orientation is also oblique to the imposed field of Jupiter and thus not directly produced as a response to that field. Close to Europa, plasma currents appear to produce perturbations with scale sizes that are small compared with a Europa radius.
On 19 December 1996, the Galileo spacecraft completed the first stage of its reconnaissance of the Galilean satellites of Jupiter as it passed by Europa, the only large moon not previously encountered. Closest approach was at 06:52:58 universal time (UT) at the spacecraft at an altitude of 688 km. The radial distance from Jupiter to Europa's orbit is 9.38 R J (radius of Jupiter ϭ 71,492 km) and near Europa, Jupiter's magnetic field was ϳ450 nT.
Data were acquired at 24 s per vector over large parts of the orbit, and for 51 min near the closest approach, the magnetometer (1) data were recorded on the tape recorder at a sampling rate of 0.33 s. Consistent with Galileo's motion outbound from Jupiter, the measured magnetic field magnitude (B) decreased from ϳ460 nT to ϳ325 nT during the 5 hours that included Galileo's closest approach to Europa ( Fig. 1 ). Because Jupiter's dipole moment is tilted by 10°from its spin axis, the dipole equator moves back and forth across Galileo with the 10-hour periodicity of Jupiter's rotation. Galileo was below Jupiter's magnetic equator (B r Ͻ 0) at 05:00 UT ( Fig. 1 ), crossed the magnetic equator at ϳ05:30 UT, and reached maximum displacement above the equator shortly before 08:00 UT. Fluctuations of B Ͼ 5 nT are commonly absent in the regions well above the magnetic equator where the Europa encounter occurred. At the time of closest approach, Galileo was approaching the north-ern boundary of the plasma sheet, and the background magnetic field of Jupiter (B o ) was oriented predominantly southward and radially outward from Jupiter, with a small component along the sense of Europa's orbital motion.
In the 0.33-s time resolution data acquired near closest approach, the signature of the Europa interaction is evident as substantial field rotations that appeared rather abruptly in B , but grew more slowly in B r . A magnitude depression of ϳ50 nT occurred near closest approach; additional depressions of ϳ30 nT lasting for ϳ16 s near 07:01: 45 UT and for ϳ6 s at 07:06 :15 UT were recorded as Galileo crossed in front of Europa in the sense of its orbital motion.
Analysis of a measured magnetic perturbation that is neither large compared with the background field nor well ordered presents a challenge. Various processes produce currents that perturb the magnetic field. For example, because the speed of corotation is much larger than the speed of Europa's orbital motion, magnetospheric plasma which approximately corotates with Jupiter sweeps by Europa, approaching from the trailing hemisphere. Interaction with Europa or its ionosphere drives currents that slow the flowing plasma and divert it so that it will flow around the obstacle where it may be accelerated before it converges downstream of the moon on the leading hemisphere in what is referred to as the wake. Plasma currents are also generated where neutral atoms or molecules from Europa are ionized by electron impact or other processes. The currents arising from the interaction between Europa and the flowing plasma must produce some and could produce all of the magnetic perturbations observed. The largest perturbations are transverse to the background field B o . Such perturbations can be carried by Alfvén waves for which the field change ␦B -A is related to the velocity change ␦u by ␦B -ϭ ϮB o ␦u/V A where v A ϭ B o /( o ) 1/2 is the Alfvén speed in terms of , the mass density, and o , the permeability of vacuum. If the flow is stopped, ␦u ϭ u where u is the incident flow velocity, giving a maximum field perturbation of ␦B
where M A is the Alfvén Mach number. Near Europa, M A is ϳ1/5 to 1/3 and magnetic perturbations amplitudes could become as large as those observed (ϳ100 nT) whether or not there is an internal field. Any pickup of newly ionized neutral atoms would enhance the perturbation. However, because Ganymede (2) and possibly Io (3) have internal fields, there is interest in investigating what limits could be put on an internal field of Europa. Here we investigate whether the magnetic perturbations could be produced by an internal field of Europa or as a paramagnetic response to the imposed field of Jupiter by fitting a Europa-centered magnetic dipole to the perturbations of the background field. The orientation of a centered dipole moment is an important element in the interpretation of the perturbation. A paramagnetic response would be oriented along B o , and the symmetry of plasma responses would be governed by B o and the flow direction.
The small changes of field magnitude and orientation near Europa are small (Fig. 2, A  and B) , so it is useful to examine the departure of the measured field from the trend of the background field. We represent the background field using a small offset to a model of the magnetospheric field of Jupiter (4) . The perturbation field obtained as the difference between the measured field and the background field (Fig. 2, C and D) is largest near closest approach, which occurred on the side facing Jupiter; another significant magnetic perturbation was localized at the center of the wake (07:01: 44 UT) (Fig. 2, C and D) .
In fitting the data to a centered dipole, we assumed that plasma perturbations contribute significantly to the signature only in localized regions such as the center of the wake and that Europa is the dominant source of the magnetic field variations on the scale of its radius. The perturbation field is fit by a centered dipole pointing at an angle of 135°from the spin axis in the meridian 20°west of the Jupiter-facing meridian plane. This fit assumes that vacuum superposition of the background field and the dipole field is justified as a first approximation. At the surface, the magnitude of this dipole field ranges from 240 nT near the magnetic poles to 120 nT near the equator. Although the model (Fig. 2, E and F) does not fit all of the observed signal, it does reflect many features of the measured perturbations such as the field rotation in the vicinity of closest approach and the location of the maximum perturbation. If an internal field is the dominant source of the perturbation, the poor quality of the fit requires higher order multipoles in addition to the dipole moment. If higher order multipoles are important, then the range of surface field strengths will increase. The relative amplitudes of the different multipole moments give clues to the probable source of an internal field. Large quadrupole moments as observed at Neptune (5) and Uranus (6) are thought to indicate that the field is generated in a shell at intermediate depth in the planetary interior, not in the core. The possibility of a source outside of the core would be of special interest for Europa which may have a liquid ocean in a shell beneath the surface (7) where convection could in principle drive a dynamo. However, the likelihood of dynamo action in such a shell is quantitatively improbable because it requires unreasonably large convective flow speeds (8) .
We now consider what can be inferred about the source of the magnetic perturbation from the magnitude of the surface field and the inclination of the dipole moment to the directions of the spin axis ⍀ and of the ambient magnetic field. The spin axis direction is also the direction of Jupiter's field at Europa's orbit averaged over a full rotation of Jupiter. Approximate alignment with Ϯ⍀ is likely for a dynamo-generated internal magnetic field if Coriolis forces are a dominant part of force balance, although other styles of dynamo action are possible. A dipole moment generated as a paramagnetic response to an imposed field, B o , is likely to be aligned with ϮB o although, because of Europa's finite conductivity, there may be a phase lag between the applied external field and the induced internal field which could account for different alignments. In a paramagnetic response the surface magnitude cannot exceed 3B o (9), providing a strict upper limit. Because this upper limit occurs for infinite paramagnetic susceptibility and planetary materials generally have low susceptibility, this upper limit is improbable.
With these considerations in mind, we can compare the magnetic properties inferred from Galileo measurements for the Galilean moons other than Callisto (10), whose estimated surface field is weak enough that local-ized internal sources like magnetic anomalies in the crust or purely external sources are more probable than a source that is driven within its interior. Io's putative internal magnetic moment and Ganymede's well-established magnetic moment are rather closely aligned antiparallel to the spin axis, ⍀, consistent with expectations for a core dynamo ( Table 1 ). The alignment is also parallel to the ambient magnetic field, consistent with symmetries expected for the response to an imposed field and for the perturbations arising from plasma currents. The surface field does not exceed the upper limit for a paramagnetic response, which is one reason why the interpretation of Io's signature (3) remains somewhat ambiguous. For Ganymede (2), the dipole moment makes an angle of 34°with the ambient field, inconsistent with the response to an imposed field and the surface field exceeds the upper limit for a paramagnetic response (9) . Europa is different because the estimated dipole moment is not approximately aligned with the spin axis, but its orientation is not readily interpreted in terms of currents coupling the moon with the magnetospheric plasma. Possible reasons for these alignments include effects of higher order multipoles, temporal phase lags in the response to time-varying externally imposed fields, comparable contributions from internal sources and external plasma sources, or dominant contributions from several different current systems in the plasma. Fig. 2 . Measured magnetic field and measured and modeled magnetic field perturbations at Galileo during the closest approach to Europa. Trajectory of Galileo past Europa on 19 December 1996 indicated by line with small circles. The interval between circles is 5 min. The trajectory is plotted in a Europa-centered coordinate system in which x is along the direction of corotational flow, z is parallel to Jupiter's spin axis (approximately parallel to Europa's), and y, radially in toward Jupiter, is orthogonal to the other two directions. Projections of averages of the magnetic field are plotted along the trajectory projected (A, C, and E) into the x-y plane and (B, D, and F) into the y-z plane. (A) and (B) are 50-s averages of the measured field. A fit to the trend of the background field data was subtracted from the observed field to provide perturbations which are plotted as 30-s averages in (C) and (D). Projections of the dipole fit are plotted as 30-s averages along the trajectory in (E) and (F). The background field of Jupiter's magnetosphere was southward-oriented, and its projections are indicated in (C) and (D). Closest approach to Europa is ϳ06:53 UT.
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